Lactoferrin is a major iron-binding protein with a molecular weight of ap proximately 80k in milk and secretions from other exocrine glands. Lactoferrin belongs to the transferrin family including transferrin in serum and ovotransferrin in egg white, having almost the same molecular weights. These glycoproteins are composed of a single polypeptide chain whose tertiary structure provides two iron-binding sites, but differ in their binding characteristics to iron atoms and immunochemical reactivities (1) . Transferrin in mammalians has the principal physiological functions to transport ferric ions from sites of absorption or storage to sites of utilization. Transferrin is normally present at a concentration of 4g/liter of blood and approximately 30% saturated with iron (2). In iron deficiency, the concentration of transferrin rises about 30% as a biological response to effect increased encounters with iron atoms. The concentration of lactoferrin in milk is almost the same as transferrin in blood but its saturation of iron is extremely low. These facts suggest the functional differences between the two iron-binding proteins in iron metabolism.
Iron is a vital element not only for mammalians but also for bacteria in such important processes as electron transfer, oxygen transport, nitrogen fixation, and other catalytic reaction systems. One of the biological roles of apo-lactoferrin is a powerful bacteriostatic activity, due to very high affinity for the essential metal "iron" , which bacteria need for growth (3) . That is, iron can be deleted from the environment of bacteria by iron-binding activity of lactoferrin.
It has been reported that lactoferrin has two completely opposite functions on the iron absorption from intestinal lumen to enterocytes. Namely, lactoferrin may promote the high bioavailability of iron from milk as the iron transport carrier (4), or inhibit iron absorption in the newborn at the early stage of lactation (5) . Therefore the biological roles of lactoferrin are still indistinct. We discuss possible roles of lactoferrin in human milk depending on the results of lactoferrin, iron, and total protein concentrations, and lactoferrin iron saturation for the whole period of lactation from colostrum to mature milk. 
RESULTS

Properties
of the purified lactoferrin from human milk were tested as follows.
For the sake of testing purity of lactoferrin efficiently, the purified specimen was labeled again by 59Fe, which was carried out by incubation of lactoferrin solution with carrier free 59FeCl3 for 30min. The specimen showed a single peak on 6% PAGE (pH 4.3) after staining with Coomassie Brilliant Blue and the protein peak corresponded with the 59Fe activity by counting sliced gels. Furthermore, this iron-binding protein indicated a single band with a molecular weight of 78k on SDS-PAGE, measured by RNA polymerase B as the molecular standard. The amino acid composition of this protein was analyzed by the acid hydrolysates heated for 24h. The result is shown in Table 1 and compared to those of Querinjean et al. (7) and Blackberg and Hernell (15) ( Table 1 ). The three sets of data were highly consistent with one another, and the purified protein was identified as lactoferrin. This protein showed pI 8.02, ranging from 7.90 to 8.50 on slab gel isoelectric focusing.
Purification of lactoferrin from human milk was tested further by quantitative measurements of lactoferrin and total protein at each step of purification procedure Table 2 .
The process of purification of lactoferrin from human milk.
1 The values are measured immunologically by the method of Laurell (13) . 2 Data are expressed as the values from 1,000ml of human milk. Table 3 . Lactoferrin, total protein, iron, lactoferrin/total protein ratio, and lacto ferrin iron saturation in human milk (n=125) at three stages of the lactation.
LF, LF/TP, and LS% express lactoferrin concentration, lactoferrin/total protein ratio, and lactoferrin iron saturation, respectively, a, b, c, d, e, and f denote significant difference (p<0.05) between the same alphabetic superscripts. HUMAN MILK LACTOFERRIN AND IRON 537 using the methods mentioned in EXPERIMENTAL. Amounts of lactoferrin and total protein, recovery of lactoferrin compared to its original content, and lactoferrin/ total protein ratio are shown at the process of purification procedures ( Table 2) . Although the concentration of lactoferrin was 3.04g/liter and that of total protein was 17.20g/liter in whole milk, the amount of purified lactoferrin became 100mg at Table 4 . The correlation coefficients in all samples (n=125) among the pairs of lactoferrin, total protein, iron, lactoferrin/total protein ratio, lactoferrin iron satura tion, and days after parturition in human milk.
LF, LF/TP, TP, LS% express lactoferrin concentration (g/liter), lactoferrin/total pro tein ratio (%), total protein concentration (g/liter), and lactoferrin iron saturation (%), respectively. ** and * denote significance at p<0.001 and 0.005, respectively. Fig. 2 . The time course of the lactoferrin concentration in human milk measured immunologically by the method of Laurell (13) . Inverse correlation (r= -0 .334, p<0.001, n=125) was observed between the lactoferrin concentration and the days after parturition. The specimens were divided into three stages depending on the days after parturition: colostrum (1-3days of puerperium, n= 35); transitional milk (4-7days, n=60); and mature milk (20-60days, n=30 Fig. 3 . Correlation plot of the days after parturition with the lactoferrin/total pro tein ratio. Inverse correlation (r=-0.256, p<0.005, n=125) was observed between the lactoferrin/total protein ratio and the days after parturition. HUMAN 
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LACTOFERRIN AND IRON 539 of the lactation, and the value in mature milk (16.1%) was significantly less than those of the other two stages ( Table 3) . Independence of stimuli is also supposed by the scatter diagrams between the lactoferrin/total protein ratio and the total protein concentration at three lactational stages (Fig. 4) . No significant correlation Fig. 4 Scatter diagrams between total protein concentration and lactoferrin/total protein ratio at the stages of colostrum (A), transitional milk (B), and mature milk (C). No significant correlation was observed in colostrum (r=-0.025, n=35; Y=20.76-0.01X), significant inverse correlation in transitional milk (r= -0 .420, n=60, p<0.001; Y= 37.19-0.87X), and significant positive correlation in mature milk (r=0.600, n=30, p<0.001; Y=3.93+0.83X).
Vol. 36, No. 6, 1990 Table 5. The correlation coefficients of the three stages of the lactation among the pairs of lactoferrin, total protein, iron concentration, lactoferrin iron saturation, and lactoferrin/total protein ratio in human milk.
LF, LF/TP, TP, LS% express lactoferrin concentration (g/liter), lactoferrin/total protein ratio (%), total protein concentration (g/liter), and lactoferrin iron satu ration (%), respectively. ***,**, and * denote significance at p<0.001, 0.005, and 0.05, respectively. Table  5 ).
DISCUSSION
The iron concentration had no significant differences among the variables of the three stages (Table 3) and was independent of the days after parturition (Table  4 ). These results were consistent with previous reports (16, 17) . However, Siimes et al. have shown a decline in iron concentration from 0.6 to 0.3mg/liter in the course of lactation (18) . The ages of mothers, experience of parturitions and/or insufficiencies in the cares of analytical system may have contributed to the differences (19) .
The lactoferrin iron saturation was calculated from the molar concentration of iron and lactoferrin, assuming that all irons in milk are inevitably bound to lactoferrins. The lactoferrin iron saturation ranged from 8.7 to 13.1% as the averages of respective stages (Table 3 ) and showed no significant difference between the three stages of lactation. Others reported the lactoferrin iron satu ration in human milk as follows: 10-40% (20) , 9% (21), 8% (22) , and 20% (23) . Meanwhile, Fransson and Lonnerdal (24) reported only 1-4% lactoferrin iron saturation in milk. They suggested that the lactoferrin-unbounded iron was HUMAN   MILK  LACTOFERRIN  AND  IRON  541 associated with milk fat and low molecular compounds. Thus, we purposed that after digestion of iron bound to other ligands in milk, all irons in milk finally may be bound to apo-lactoferrin at the absorptive sites. Lactoferrin has been shown to be resistant against digestive enzymes (25, 26) . In addition, lactoferrin was dem onstrated in feces from breast-fed neonates after birth until 40days of age by immunological technique (27) . The average concentration of lactoferrin in milk was approximately 4g/liter (Table 3) , which is similar to the transferrin level in blood (2) . However, the percentage of lactoferrin iron saturation was less than half of transferrin saturation in sera (28) . This low occupation of iron on lactoferrin is not appropriate to the theory that lactoferrin may contribute to a transportation of iron from the canal to enterocytes. As the newborn babies generally have acquired adequate iron storage from their mothers at birth, the main role of lactoferrin and iron in colostrum and transitional milk may not be a source of iron nutrition; instead, it supports a role in bacteriostatic activity. Cavell and Widdowson reported that breast-fed infants excreted 10times more iron than they absorbed during the first week of life (29) .
We have observed the significant correlation coefficients between the lacto ferrin/total protein ratio and the total protein concentration in transitional milk and mature milk, and the signs of the correlation coefficient change from minus in transitional milk to plus in mature milk ( Fig. 4 and Table 5 ). It therefore suggests that the secretion of lactoferrin is independent of total proteins during the process of the lactation. The sign change in the correlation coefficient suggests that lactoferrin converts its function from bacteriostatic activity in colostrum and transitional milk to a carrier of iron in mature milk. Futhermore, the marked correlation between lactoferrin and iron (r=0.479, p<0.005, Table 5 ) was ob served only at the stage of mature milk, when the iron requirement of the infant increases. Davidson and Lonnerdal reported that the density of lactoferrin re ceptors on enterocytes in suckling rhesus monkeys increased markedly at the stage of mature milk, compared with those of fetus and weaned infant (30) . Then, they suggested that lactoferrin plays a role of iron absorption as a carrier of iron from the canal to enterocytes at the stage of the mature milk. Moreover, lactoferrin may contribute to the binding of iron excreted from bile. Recent studies have dem onstrated that the iron in ferritin and other ligands is excreted in the intestine from bile (31, 32) . The iron in these compounds finally may be bound to apo-lactoferrin after digestion of iron ligands with proteases during passage through the intestinal tract, and again may be absorbed from the intestinal tract, depending on the density of lactoferrin-receptors on enterocytes.
The purified lactoferrin showed basic pI 8.02 (pI range from 7.90 to 8.50) by isoelectric focusing on slab gel, which agrees with the results by Roberts and Boursnell (33) . Although Spik (34) and Masson et al. (35) proposed more acidic pI value (pI 5.5 and 6.1) for human lactoferrin, the basic pI shown in this experiment may be more plausible than the acidic pI, provided that pI of human lactoferrin may have a similarity to those of sow milk (pI 9.3-10.0), bovine milk (pI 7.8-8.0), and murine milk (pI 8.7-9.6) (33, 36, 37) . This basic pI is thought to give this protein electrostatic affinity for its receptor, because lactoferrin at the physiological pH carries positive charges and then becomes attractive for negatively charged cell membrane of enterocytes. This suggestion is consistent with the report of Debanne et al. that the interaction between human lactoferrin and cell membrane of rat liver was likely electrostatic in nature and this phenomenon competed with the addition of lysozyme (pI 11.0) in the reaction mixture (38) . This basic pI of lactoferrin may support the binding of the protein to its receptors at the surface of the enterocytes.
We determined the characteristic of milk proteins at time course of lactation (colostrum, transitional, and mature milk) and speculated that the different func tion of lactoferrin depends on the time of secretion .  HUMAN   MILK  LACTOFERRIN  AND  IRON  543 
